Childhood cerebral adrenoleukodystrophy (CCER), adrenomyeloneuropathy (AMN) and AMN with cerebral demyelination (AMN-C) are the main phenotypic variants of X-linked adrenoleukodystrophy (ALD). It is caused by mutations in the ABCD1 gene encoding a half-size peroxisomal transporter that has to dimerize to become functional. The biochemical hallmark of ALD is the accumulation of very-long-chain fatty acids (VLCFA) in plasma and tissues. However, there is no correlation between the ALD phenotype and the ABCD1 gene mutations or the accumulation of VLCFA in plasma and fibroblast from ALD patients. The absence of genotype -phenotype correlation suggests the existence of modifier genes. To elucidate the mechanisms underlying the phenotypic variability of ALD, we studied the expression of ABCD1, three other peroxisomal transporter genes of the same family (ABCD2, ABCD3 and ABCD4 ) and two VLCFA synthetase genes (VLCS and BG1 ) involved in VLCFA metabolism, as well as the VLCFA concentrations in the normal white matter (WM) from ALD patients with CCER, AMN-C and AMN phenotypes. This study shows that: (1) ABCD1 gene mutations leading to truncated ALD protein are unlikely to cause variation in the ALD phenotype; (2) accumulation of saturated VLCFA in normal-appearing WM correlates with ALD phenotype and (3) expression of the ABCD4 and BG1, but not of the ABCD2, ABCD3 and VLCS genes, tends to be correlated with the severity of the disease, acting early in the pathogenesis of ALD.
INTRODUCTION
X-linked adrenoleukodystrophy (ALD, MIM 300100) is a severe peroxisomal disorder with variable phenotypic expression (1, 2) . Childhood cerebral ALD (CCER) affects 40% of patients and is characterized by progressive cerebral demyelination with an inflammatory response in the white matter (WM) of the brain that leads to vegetative stage or death within 2 -5 years. Adult-onset adrenomyeloneuropathy (AMN) is characterized by progressive paraparesis, probably as a result of axonal degeneration and secondary demyelination in the spinal cord. Nearly 60% of ALD patients develop this phenotype between 20 and 50 years. AMN is often portrayed as a relatively mild variant of ALD, but 30% of male AMN patients develop cerebral demyelination (AMN-C) with the same poor prognosis as in children (1) .
ALD is caused by mutations in the ABCD1 gene that inactivate the peroxisomal ALD protein (ALDP) (3) . ALDP belongs to a small family of ATP-binding cassette (ABC) peroxisomal transporters that includes three other members: ABCD2 or ALDR (ALD-related protein) (4), ABCD3 or PMP70 (5) and ABCD4 or P70R (6, 7) . The phenotypic presentation of # The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oupjournals.org identical mutations in the ABCD1 gene is highly variable, ranging from CCER to mild AMN even within the same family (8) .
ALD patients accumulate very-long-chain fatty acids (VLCFA) in plasma and tissues, but the exact mechanism by which ABCD1 gene mutations affect the metabolism of VLCFA is not known. As for ABCD1 gene mutations, there is no correlation between VLCFA accumulation in the plasma and fibroblasts from ALD patients and the phenotypic expression of the disease (1) . A mouse model of ALD accumulates VLCFA in the brain and spinal cord in a way similar to that found in ALD patients and develops after 15 months clinical and neuropathological features that resemble AMN (9 -12) .
ALDP, like the other three ABC proteins (PMP70, ALDRP and P70R) identified up to now in peroxisomes, is a half-size ABC transporter that must dimerize to be functional. The dimerization partner may play a role in determining the transporter substrate (13) . Disruption of the PXA1 and PXA2 genes of Saccharomyces cerevisiae results in impaired growth in oleic acid medium, suggesting that the half-size peroxisomal ABC transporters Pat1p and Pat2p encoded by these genes act as heterodimers (14 -17) . Homo-and hetero-dimerization occurs in vitro among ALDP, ALDRP and PMP70 by using the yeast two-hybrid system and co-immunoprecipitation (18, 19) . However, homodimerization of ALDP seems to prevail in vivo (20) . From the 356 non-recurrent mutations identified in the ABCD1 gene (http://www.x-ald.nl), 48% are frame shift, nonsense and insertion/deletion mutations leading to potential truncated proteins. Because ALDP interacts with itself and with other peroxisomal ABC transporters, these truncated proteins could exert a dominant-negative effect and influence the disease phenotype.
The striking absence of phenotype -genotype correlation in ALD also suggests the existence of stochastic factors and/or modifier genes. The function of the ABCD2, ABCD3 and ABCD4 genes in higher eukaryotes is unknown, but their sequence homology with the ABCD1 gene indicates that they may have related or overlapping functions. ABCD2 and ABCD3 genes can complement the biochemical defect in ALD fibroblasts when over-expressed (19, 21) . The possible functional equivalence of the ABCD1 and ABCD2 genes has been repeatedly suggested (22, 23) . The ABCD2, ABCD3 and ABCD4 genes are therefore candidate genes that may play a role in the phenotypic expression of ALD.
Activation of VLCFA to CoA derivatives by synthetases plays a pivotal role in directing VLCFA toward a specific metabolic fate, including degradation by peroxisomal b-oxidation, or incorporation into complex lipids (24) . Six full-length cDNAs that encode enzymes with very longchain acyl-CoA synthetase (VLACS) activity have been cloned (25) . These enzymes belong to the 'ACSVL/FATP' protein family, which includes a peroxisomal VLACS (VLCS or ACSVL1) with activity that is reduced in ALD fibroblasts (26, 27) . This peroxisomal synthetase is thought to be involved in the biochemical pathology of ALD (28) . Min and Benzer (29) described a Drosophila melanogaster mutant, 'bubblegum', characterized by neurodegeneration and elevated levels of VLCFA. BG1, the mammalian homolog of the protein encoded by the defective gene in the Drosophila mutant 'bubblegum', activates VLCFA to VLFCA-CoA. This activity classifies BG1 as a VLACS enzyme. This enzyme is not found in peroxisomes, but the BG1 gene is expressed in brain, spinal cord, adrenal gland and testis that are affected in ALD. By modulating the fate of VLCFA, the VLCS and BG1 genes may play a role in the variable phenotypic expression of ALD.
To investigate the role conveyed by ABCD1-truncating mutations and ABCD2, ABCD3, ABCD4, VLCS and BG1 genes on the non-allelic phenotypic diversity of ALD, we studied the levels of expression of these genes in the normal cerebral WM from patients with CCER, AMN-C and AMN and from age-matched controls using quantitative real-time RT -PCR. For the ABCD2, ABCD3, ABCD4, VLCS and BG1 genes, we adopted the hypothesis that if any of these genes play a significant role as a modifier gene, differences in gene expression should be detectable in the normal WM of ALD patients who had different phenotypes before the onset of the demyelinating process in the studied WM. We also evaluated the VLCFA content of normal WM from ALD patients with the CCER, AMN-C and AMN phenotypes to find out whether there was any correlation between brain VLCFA concentration and phenotype, in contrast to what is observed in ALD fibroblasts.
RESULTS

ABCD1 gene mutations
The ABCD1 mutations identified in ALD fibroblast and brain samples are shown in Table 1 . Fifty percent were missense mutations, 26.5% frame shift mutations, 20.5% nonsense mutations and 3% microdeletions. As expected from previous findings (19) , no correlation was found between ABCD1 gene mutations and phenotype. The distribution of the ABCD1 gene mutations within each phenotype was as follows: CCER (27.3% frame shift, 36.4% missense, 27.3% nonsense and 9% microdeletion); AMN-C (28.5% frame shift, 57% missense and 14.5% nonsense) and AMN (28.5% frame shift, 43% missense and 28.5% nonsense).
Histopathological examination of ALD and control WM
WM sections of ALD patients and controls (Table 2) were stained with Luxol fast blue (LFB) to detect demyelination, demyelination edge and normal-looking area. Brain tissue sections were processed for RT -PCR amplification when two to three adjacent sections showed no sign of demyelination with LFB staining and no perivascular cuffs of lymphocytes using hematoxylin and eosin (H&E) staining (Fig. 1) . However, WM of ALD patients did contain fewer ramified microglia and more non-ramified microglial cells than the control WM when labeling was performed with anti-Iba1 antibody (Fig. 1) . This indicates that transition of resting microglia to activated microglia occurs early in the normal WM of ALD patients, including those with AMN.
Expression of the ABCD1, ABCD2, ABCD3, ABCD4, VLCS and BG1 genes in normal fibroblasts and brains
We first analyzed the expression of the ABCD1-4, VLCS and BG1 genes in normal fibroblast and brain samples using quantitative real-time RT -PCR assay (Fig. 2) .
In fibroblasts, VLCS-, BG1-and ABCD2-gene mRNA levels were very low, hindering reliable quantification by real-time quantitative RT -PCR (threshold cycle, Ct % 40). The quantitative expression of these three genes was therefore not investigated in ALD fibroblasts. In comparison, the expression of these genes was at least 1000-fold higher in brain samples. ABCD1 and ABCD4 transcripts were detected at low levels and ABCD3 transcript at medium levels in fibroblasts.
There was no difference in the WM expression of the ABCD1, ABCD2, ABCD3, ABCD4, VLCS or BG1 genes in the child and adult controls. The median level of ABCD4-gene expression was 1.4-fold higher (P ¼ 0.2) in adult than that in child control WM, and this difference was taken into account for the comparison with ALD samples. In the gray matter (GM), the ABCD1, ABCD3, ABCD4 and BG1 genes were expressed at the same level in child and adult controls. The level of expression of the ABCD2 and VLCS genes was higher (1.4-fold) in the GM of the child controls (P , 0.01 and P , 0.05, respectively). There was no significant difference in the expression of these genes according to the localization within the brain (P . 0.5).
However, each gene was not expressed at the same level in the WM and GM (Fig. 2) . The expression of the ABCD1 and ABCD4 genes was moderate with WM/GM expression ratios of 1.6 and 2.5, respectively. The expression of the ABCD2 and VLCS genes was low in WM and moderate in GM. The WM/GM expression ratios of these genes were 0.06 and 0.02, respectively. The ABCD3 and BG1 genes were highly expressed in the brain, at very similar levels in the GM and WM (WM/GM ratio ¼ 1.2 and 1.3, respectively).
Expression of the ABCD1, ABCD2, ABCD3, ABCD4, VLCS and BG1 genes in ALD fibroblasts and brains
The ABCD1 gene. The median level of ABCD1 gene expression was lower in ALD than in control fibroblasts (Table 3) . No correlation was found between the level of ABCD1 expression and the phenotype. ABCD1 expression All mutation designations conform to the nomenclature described by Antonarakis and den Dunnen (30, 31) . Nucleotides are numbered from the first ATG (position 387), according to the cDNA sequence of GenBank accession no. NM_000033. For frame shift (fs) mutations, the last unchanged amino acid is indicated. levels were strongly reduced in 4/6 CCER (7.3-fold), 2/5 AMN-C (9.8-fold) and 3/5 AMN (11-fold) fibroblasts. Except for one ALD fibroblast sample with an unknown mutation, all ALD fibroblasts exhibiting a marked decrease in the expression of the ABCD1 gene had frame shift or nonsense mutations leading to truncated proteins. The median level of ABCD1 gene expression was also reduced in both WM and GM of ALD patients and showed no correlation with phenotype (Table 3 ). In the WM, expression of the ABCD1 gene was strongly reduced in 3/6 CCER (12-fold) and in 3/9 AMN-C (14-fold). Similar changes were observed in the GM. These six patients had frame shift or nonsense mutations leading to truncated proteins. The down-regulation of truncated ABCD1 transcripts is likely mediated through nonsense-mediated decay (NMD).
The ABCD2 gene. There is evidence for functional overlap between ABCD1 and ABCD2 genes in vivo (23) . Variation of ABCD2-gene expression in the brains of ALD patients could therefore contribute to modifying the phenotypic expression of the disease. The levels of expression of the ABCD2 gene in normal-appearing WM from patients with CCER, AMN-C and AMN were however similar and no different from the levels observed in age-matched controls ( Table 3 ). The expression of the ABCD2 gene was the same in the GM from controls and ALD patients ( Table 3) .
The ABCD3 gene. The levels of ABCD3 gene expression were the same in CCER, AMN-C, AMN and control fibroblasts (Table 3 ). In the WM, ABCD3-gene expression was slightly reduced 1.3-fold in AMN-C (P ¼ 0.03) and AMN samples ( Table 3 ).The expression of the ABCD3 gene was the same in the GM from controls and ALD patients ( Table 3) .
The ABCD4 gene. The ABCD4 gene encodes a peroxisomal half-ABC transporter, P70R, which shares only 25.2% amino acid identity with ALDP (6) . The function of the P70R protein is however unknown. In fibroblasts, the ABCD4 Representative 'normal-appearing' white matter from ALD patients and controls. LFB and H&E staining showed no significant difference between the 'normal-appearing' white matter from ALD patients and the controls. Staining with the microglial marker Iba1 (in red, Cy3) reveals the same number of microglia in white matter from ALD patients and controls. However, the microglial cells from the ALD white matter are less ramified.
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gene was expressed at the same levels in CCER, AMN-C, AMN and controls (Table 3 ). In contrast, ABCD4 mRNA levels were significantly reduced in the normal WM of CCER (2.9-fold, P ¼ 0.04) and AMN-C (2.2-fold, P ¼ 0.01) patients. ABCD4-gene expression was reduced only 1.6-fold in the two AMN samples (Table 3 and Fig. 3 ). The differences in ABCD4-gene expression among the CCER, AMN-C and AMN samples were not statistically significant. However, ABCD4-gene expression in WM clearly tended to be correlated with ALD phenotype, in contrast to what was observed in fibroblasts. The expression levels of the ABCD4 gene in the GM from patients with CCER, AMN-C and AMN were the same as in age-matched controls (Table 3) .
The BG1 gene. The BG1 gene is expressed in tissues affected by ALD pathology and encodes a non-peroxisomal synthetase which converts VLCFA to its CoA derivatives (32) . BG1-mRNA levels were significantly lower in CCER (2-fold) and AMN-C (2.3-fold) than in control WM. In the two AMN samples, BG1 gene expression was decreased only 1.4-fold (Table 3 and Fig. 4) . As for the ABCD4 gene, the limited number of samples made it impossible to reach statistical significance, but there was a trend indicating that expression of the BG1 gene was correlated with cerebral demyelination. The levels of expression of the BG1 gene in the GM from patients with CCER, AMN-C and AMN were the same as that in age-matched controls (Table 3) .
The VLCS gene. The VLCS enzyme is the only VLACS identified in peroxisomes. VLCFA-synthetase activity is reduced in peroxisomes from ALD fibroblasts (26, 27) , and it has long been considered that the in vivo activity of this enzyme may play a role in the accumulation of VLCFA observed in ALD tissues. However, the WM from CCER, AMN-C and AMN patients and age-matched controls expressed the VLCS gene at the same levels (Table 3 ). In the GM, the expression of the VLCS gene was significantly lower in the CCER and AMN-C samples than in the controls (1.8-and 1.5-fold lower, respectively) (Table 3) . In summary, the expression of the ABCD2 gene remained unchanged in the WM from ALD patients, whatever their phenotype. In contrast, ABCD4-gene expression tended to be correlated with ALD phenotype. The BG1-gene expression tended to be correlated with the presence or absence of cerebral demyelination rather than phenotype per se. There was no modification of the expression of genes of which the mRNA levels could be reliably quantified in fibroblasts. In the GM, none of the genes studied showed any significant change in expression, apart from the VLCS gene.
VLCFA concentrations in the normal-appearing WM of ALD patients with CCER, AMN-C and AMN phenotypes Saturated and mono-unsaturated VLCFA levels were the same in the WM from child and adult controls (data not shown). Saturated C24 : 0 levels remained unchanged in the normal WM of all ALD patients (data not shown). In contrast, saturated C26 : 0 -C30 : 0 fatty acid levels were increased in the normal WM from all ALD patients. In comparison with control values, C26 : 0 levels were increased 3-fold in CCER normal white matter and 1.9-fold in AMN-C or AMN normal WM (Fig. 5A) .
Concentrations of the mono-unsaturated fatty acids C22 : 1, C24 : 1 (Fig. 5B) and C25 : 1 were decreased 2-fold in CCER, 1.4-fold in AMN-C and remained unchanged in AMN samples. The saturated VLCFA that accumulate in ALD are mostly of endogenous origin (33, 34) and elongation of saturated VLCFA is enhanced in ALD fibroblasts (35) . The reduction of mono-unsaturated VLCFA observed in the WM from CCER and AMN-C patients may reflect substrate competition between saturated and mono-unsaturarted long chain fatty acids for the two elongases (ELOVL1 and ELOVL3) that display chain-length specificity toward VLCFA (36) . Both saturated and unsaturated fatty acids are chain-lengthened by the same elongation system (36, 37) .
DISCUSSION
The phenotypic expression of ALD varies widely, and there are fundamental clinical and neuropathological differences between the cerebral and the AMN phenotypes (1). Because ALDP interacts both with itself and with other peroxisomal ABC transporters, it has been suggested that ABCD1 gene mutations causing premature termination of translation could generate a truncated ALDP with dominant-negative activity that modulates the severity of ALD disease. The existence of such a mechanism has been suggested in a large ALD kindred, in which all female carriers exhibited complete penetrance of an ABCD1 gene mutation (delta26, 369 -394) resulting in an N-terminal truncated ALDP lacking the first 65 amino acids (38) . Our data indicate that ABCD1 gene Figure 2 . Expression of the ABCD1, ABCD2, ABCD3, ABCD4, VLCS and BG1 genes in normal WM, GM and fibroblasts. mRNA levels were measured by quantitative RT-PCR and normalized to RPLP0 and to the sample that displayed the lowest detectable and quantifiable level of gene expression (the value 1 on the left ordinate corresponds to a Ct value of 40). A scale indicating qualitative mRNA abundance is included on the right ordinate to assist the reader in interpreting the figure. mutations leading to truncated ALDP are unlikely able to cause variations in the clinical ALD phenotype. ABCD1 gene expression was strongly decreased in brain and fibroblasts from all ALD patients with frame shift, nonsense and insertion/deletion mutations. Marked down-regulation of dominant-negative ABCD1 transcripts can be expected to produce a considerable reduction in the quantity of truncated ALDP, preventing adverse effects on other peroxisomal ABC transporters. With the exception of the delta26 mutation, this is consistent with the observation that all the frame shift, nonsense and insertion/deletion mutations of ABCD1 gene so far identified result in the absence of detectable levels of ALDP in fibroblasts (39) . The down-regulation of dominantnegative ABCD1 transcripts is probably mediated by the NMD RNA surveillance pathway that reduces the abundance of transcripts containing a premature termination codon (40) . The protective effects of the NMD pathway against the production of faulty proteins have been suggested or demonstrated in several other hereditary disorders, including b-thalassemia (40) .
In the absence of a mouse model of ALD reproducing the phenotype variability observed in ALD patients, the search for ALD-modifying genes remains particularly challenging. We focused our study on two sets of genes because of a priori hypotheses about their etiological role in ALD: the family of peroxisomal ABC transporters to which the ABCD1 gene belongs and two VLCAS which play a role in VLCFA metabolism. We made the assumption that if any of these genes play a role in the expression of phenotype, then differences in the expression of these genes should be detectable in the normal WM of ALD patients with different phenotypes. The limited number of brain samples did not allow to reach the power of association studies using DNA variants. However, our study allows to identify two genes of which the levels of expression tend to be correlated with the severity of the disease or phenotypes. However, our study did not allow to clarify whether these changes were the consequence or the cause of disease severity/phenotype variability.
The ABCD2 gene is mainly expressed in neurons and its expression is not modified in the ALD mouse (23, 41) . However, ubiquitous up-regulation of the ABCD2 gene can compensate for the defective function of the ABCD1 gene in the ALD mouse that develops an AMN-like phenotype resulting from neuro-axonal degeneration in the spinal cord and peripheral nerves (23) . The level of ABCD2 transcripts was the same in the normal WM from patients with different ALD phenotypes and did not differ from that in controls. It is therefore unlikely that variation in ABCD2-gene expression contributes to the susceptibility of developing cerebral demyelination. This is in agreement with the absence of ABCD2 allele/phenotype co-segregation in a large ALD kindred (42) .
The over-expression of ABCD3 also restores VLCFA ß-oxidation in human ALD fibroblasts and in the liver of ALD mouse, indicating that the functions of the PMP70 and ALDP overlap (43, 44) . Abcd3 2/2 mice exhibit impaired peroxisomal b-oxidation of phytanic and pristanic acids, but with normal VLCFA metabolism (45) . Gene-microarray analysis of multiple sclerosis lesions showed that the expression of ABCD3 is reduced 1.7-2.4-fold in chronic or acute plaques (46) . The expression of the ABCD3 gene was not modified in the normal WM of ALD patients. Like the ABCD2 gene, it is unlikely that the ABCD3 gene acts as a modifier gene in ALD through modification of its expression. However, this study does not exclude the possibility that subtle For each gene, results were normalized so that the median of the child or adult control values equalled 1. SD, standard deviation; ns, not statistically significant; na, not applicable (number of patients ¼ 2).
a For ABCD4 gene in the WM, ABCD2 and VLCS genes in the GM the Mann-Whitney test was performed between CCER versus child control and AMN-C versus adult control, because the expression of these genes were not identical in child and adult controls.
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Human Molecular Genetics, 2005, Vol. 14, No. 10 changes in PMP70 activity might interfere with the severity of the disease. In addition, the expression of the ABCD3 gene in demyelinated lesions of ALD warrants further study. A current hypothesis is still that ALDP is involved in some manner with the transport of VLCFA in peroxisomes. The activity of the enzyme that catalyzes the first step in VLCFA b-oxidation, i.e. the activation of VLCFA to their CoA derivatives, is decreased in peroxisomes from ALD fibroblasts (26, 27 ). This step is catalyzed by the VLCS enzyme. However, ALDP does not itself have VLACS activity. How the loss of ALDP function results in reduced peroxisomal VLACS activity is unknown. The absence of any change in the expression of the VLCS gene in the normal WM of CCER, AMN-C and AMN patients is similar to that observed in ALD mouse tissues (32, 47) . Because of its very low level of expression in fibroblasts, we were not able to reliably quantify the expression of the VLCS gene in ALD fibroblasts, but others have reported no substantial modification of its expression in CCER and AMN fibroblasts (32) . Taken together, these data indicate that VLCS-gene expression is unlikely to contribute to ALD-phenotype variability. This concurs with the study of the ALD/Vlcs double knockout mouse that does not display a more severe phenotype than the ALD mouse (48) .
In contrast, the expression of the ABCD4 and BG1 genes did correlate with the susceptibility to develop cerebral demyelination, and there was a trend indicating that ABCD4-gene expression in the normal WM correlated with the CCER, AMN-C and AMN phenotypes. In the AMN brain samples, the levels of expression of the ABCD4 and BG1 genes were not however any higher than the mean values observed in the WM of adult controls. It is therefore not clear whether the modifications in the expression of ABCD4 and BG1 genes result from metabolic changes or are primary determinants of the ALD phenotype. Little is known about ABCD4 gene function. In contrast to ALDRP and PMP70, we have been unable to demonstrate the heterodimerization of its products (P70R) with ALDP by using the two-hybrid system and co-immunoprecipitation (unpublished data).
Significantly, the ABCD4 gene is the only peroxisomal ABC transporter gene of which the expression parallels the expression of the ABCD1 gene in brain, with higher expression in the WM than in the GM. ABCD4-gene function deserves clearly further study to determine its role in ALD pathogenesis.
The expression of the BG1 gene is not modified in the brain and spinal cord of the ALD mouse (32, 49) . In accordance with these results, the expression of BG1 was decreased only 1.4-fold in the normal WM from AMN patients. BG1 transcripts were however significantly reduced in the WM from CCER and AMN-C patients. In human ALD brain, VLCFA accumulate in the cholesterol ester (ChE) fraction (1), and the rate of the reverse reaction is exceedingly low (50) . The formation of VLCFA-containing ChE could not only trap the VLCFA leading to increased levels, but also impair cellular processes at the plasma membrane by modifying the cholesterol/ChE ratio (51) . From studies performed in the mouse neuroblastoma cell line Neuro2a, it was concluded that BG1 is not required for the incorporation of C24:0 into ChE. It is noteworthy that saturated C24 : 0 does not accumulate in the normal WM from CCER, AMN-C and AMN patients. However, levels of C26 : 0-C30 : 0 fatty acids increase 2 -3-fold. The down-regulation of BG1-gene expression may reflect attempts to reduce the trapping of VLCFA in ChE and the deleterious effects that result from imbalance of the cholesterol/CheE ratio at the plasma membrane. Down-regulation of the BG1 gene may also decrease the incorporation of VLCFA into complex lipids, such as gangliosides. The presence of excess VLCFA in gangliosides is thought to trigger the inflammatory response that occurs in cerebral ALD (52 -54) . Association studies to determine whether genetic variants of the BG1 and ABCD4 genes are correlated with CCER, AMN-C and AMN phenotypes are under investigation.
No correlation has been found between the phenotype and the levels of saturated VLCFA in ALD fibroblasts or lymphocytes (55, 56) . However, a relationship does exist between the degree of VLCFA accumulation and the levels of inflammatory cytokine/gene expression in demyelinated areas (57) . VLCFA accumulation was shown to be detrimental to adrenocortical cells in culture (58) and to model membrane (59) , but the pathogenic role of saturated VLCFA accumulation remains elusive. This has led to envisage that the high tissue VLCFA levels Human Molecular Genetics, 2005, Vol. 14, No. 10 1299 observed in mouse and human ALD could be a secondary biochemical event and that the relationship between ALDP function and VLCFA metabolism is indirect (41) . Saturated VLCFA accumulate in the normal WM of ALD patients before the onset of any detectable demyelinating process, as reported recently by others (57) . More importantly, our data demonstrate for the first time that the accumulation of saturated VLCFA and the compensating decrease in mono-unsaturated VLCFA in the WM correlate with the ALD phenotype. These results indicate that the threshold of VLCFA accumulation in the WM probably plays a crucial role in the initial demyelinating process. The incorporation of VLCFA in components of the multilamellar myelin sheaths might indeed destabilize ALD myelin (59) . An unknown triggering factor may first alter the ALD myelin, which could make it more or less sensitive to breakdown because of the levels of VLCFA accumulation. Subtle changes in intracellular VLCFA concentrations may also influence the lipid pathways to which these fatty acids are assigned, resulting in decreased survival of oligodendrocytes or abnormal interactions between glial cells.
MATERIALS AND METHODS
Tissue and cell-line specimens
Skin fibroblasts from six CCER, five AMN-C, five AMN and 10 control subjects (Table 4) were kindly provided by Professor R.J.A Wanders (AMC, Amsterdam, The Netherlands). Brain tissues from ALD patients and age-matched controls were obtained from the Brain and Tissue Bank for Developmental Disorders at the University of Maryland, Baltimore, MD, USA. Frozen blocks of normal-appearing GM and WM were dissected from frontal, parietal or occipital lobes from 19 controls and 17 ALD patients and used for mRNA extraction, biochemical studies and mutational analysis ( Table 2 ). The control group included nine children (4.5 -12 years) and 10 adults (27 -47 years) who died from non-neurological diseases. The median age at death was not different between the controls and the ALD patients (P ¼ 0.2). The postmortem interval up to autopsy was shorter for the ALD patients than for the controls (9 + 7.5 and 15 + 3.8, P ¼ 0.06). ALD brain tissues were obtained from six children with CCER, nine adults with AMN-C and two adults with AMN, but no cerebral demyelination. Apart from one patient (AMN-C4), all the children and adults with cerebral ALD had the conventional 'parieto-occipital' form of cerebral ALD.
Histopathology
Tissue slices were fixed in 10% buffered formalin, embedded in paraffin and sectioned at 4 mm thickness. Then sections were examined using standard histological stains H&E and LFB. Rabbit anti-ionized calcium-binding adapter molecule 1 (Iba1) antibody (dilution 1 : 400, Imai, Japan (60)) was used to detect microglial activation. 
Mutation analysis
Screening for ABCD1 mutations was done using direct sequencing of genomic DNA extracted from brain samples. Both sense and anti-sense strands were systematically sequenced using an ABI 3100 capillary electrophoresis analyzer (Applied Biosystems, Applera). Intronic and/or exonic sets of oligonucleotide primers were designed according to the published genomic sequence of the ABCD1 gene (GenBank accession no. U52111). The oligonucleotide primers and PCR conditions ('touch down' PCR) are available from the authors upon request.
ABCD1-gene mutations in the fibroblasts were identified as previously described (61) .
Real-time RT -PCR
The theoretical and practical aspects of real-time quantitative RT -PCR using the ABI Prism 7700 Sequence Detection System (Perkin -Elmer Applied Biosystems) have been described in detail elsewhere (62) . Briefly, total RNA is reverse-transcribed before real-time PCR amplification. Quantitative values are obtained from the Ct number at which the increase in the signal associated with exponential growth of PCR products begins to be detected using PE Biosystems analysis software, according to the manufacturer's manuals.
The precise amount of total RNA added to each reaction mix (based on optical density) and its quality (i.e. lack of extensive degradation) are both difficult to assess. We therefore also quantified transcripts of the two endogenous RNA controls RPLP0 (also known as 36B4 ) which encodes human acidic ribosomal phosphoprotein P0 and PPIA (peptidylprolyl isomerase A) that encodes cyclophilin A, and each sample was normalized on the basis of its RPLP0 (or PPIA ) content. The ratio of RPLP0/PPIA expression did not show significant variation in the WM and GM or fibroblast of controls and ALD patients (data not shown).
The results were therefore expressed as N-fold differences in target gene expression relative to the RPLP0 gene, termed N target , and determined by the formula: N target ¼ 2
DCt sample , where the DCt value of the sample was determined by subtracting the Ct value of the target gene from the Ct value of the RPLP0 gene.
The N target values of the samples were subsequently normalized to a 'basal mRNA level', i.e. normalized to the smallest amount of target gene mRNA detectable and quantifiable by real-time quantitative RT -PCR assays based on fluorescence TaqManw methodology (target gene Ct value ¼ 40; N target value ¼ 1).
Primers and probes for RPLP0, PPIA and the six target genes were chosen with the assistance of the Oligo 5.0 computer program (National Biosciences, Plymouth, MN, USA). The nucleotide sequences of primers and oligonucleotide hybridization probes are available from the authors upon request.
To avoid amplification of contaminating genomic DNA, one of the two primers was placed at the junction between two exons. The thermal cycling conditions comprised an initial denaturation step at 958C for 10 min and 50 cycles at 958C for 15 s and 658C for 1 min.
Statistical analysis
The non-parametric Mann -Whitney U-test (Statview 1996, Abacus Concepts, Inc., Berkeley, CA, USA) was used to evaluate the variation in gene expression between samples. Differences between two set of data were judged significant at confidence levels .95% (P , 0.05).
Fatty acid analysis of brain samples
Frozen blocks of normal-appearing WM (frontal lobes) from two CCER, five AMN-C, two AMN and five age-matched controls were used to determine the fatty acid content. Samples were pounded and homogenized by sonication in 1 ml of PBS. Total lipids were extracted using 2 : 1 (vol/vol) chloroform/methanol and the Folch method (63). VLCFA concentrations were measured/analyzed by gas chromatography/ mass spectrometry as described (64) .
